Summary Studies have suggested that the consumption of green tea reduces the risk of cardiovascular diseases. Although epigallocatechin gallate (EGCG) is the best studied active substance characteristic of green tea, previous results on EGCG do not appear sufficient to explain completely the mechanism of cardiovascular protection by green tea. Therefore, we investigated the effect of three different tea cultivars, "Yabukita," "Sofu," and "Sunrouge," which have characteristic flavonoid compositions, on the nitric oxide (NO) production and the related protein expression in the aorta of spontaneously hypertensive rats (SHRs) fed a high-salt diet. As a result, the reduction of urinary NO metabolite (NOx) levels, which reflect whole-body NO production, caused by the high-salt diet were significantly prevented by all three tea infusions. The improvement of NOx reduction in the tea-intake groups was unlikely to be caused by the changes in oxidative damage. On the other hand, as a partial effect, only "Yabukita" or "Sofu" increased the expression of the soluble guanylate cyclase, a receptor for NO, in the thoracic aorta. In the present study, the differences in the composition of these three cultivars led to partially different effects on NO signaling in SHRs, suggesting the physiological significance of subdominant ingredients besides EGCG.
Cardiovascular disease is one of the major causes of death in Japan. Therefore, maintaining a healthy cardiovascular system is expected to lead to the extension of healthy life expectancy. Saito et al. (1) reported an association between green tea consumption and mortality due to cancer, heart disease, cerebrovascular disease, respiratory disease, injuries, and other causes of death in a large-scale population-based cohort study in Japan. This prospective cohort study suggested that the consumption of green tea reduces the risk of all-cause mortality, and the three leading causes of death, including deaths from heart disease, cerebrovascular disease, and respiratory disease.
It is considered that various factors such as oxidative stress (2) , hyperlipidemia (3), diabetes (4) , and endothelial dysfunction (5) are concerned with cardiovascular disease onset. Because Saito et al. showed in another report (6) that coffee consumption was also inversely associated with mortality from heart disease, cerebrovascular disease, and respiratory disease in Japan, caffeine, which is one of the active substances in green tea, was suggested to produce health benefits. However, greater efforts have been put into the investigation of green tea catechins, in particular of epigallocatechin gallate (EGCG), which is the main gallate-type catechin in green tea. Benito et al. demonstrated that ingestion of a diet rich in catechins increased activity of the endothelial isoform of nitric oxide (NO) synthase (eNOS), endothelium-derived NO production, and cyclic guanosine-3′,5′-monophosphate (cGMP) content, a determinant of biological activity for the release of NO, but eNOS expression was not changed in the arterial tissues of rats (7) . Many in vitro studies (8) (9) (10) have revealed that EGCG caused the activation of eNOS in endothelial cells, and the preventive effects of green tea on cardiovascular diseases are thought to depend on the function of EGCG in maintaining endothelium-derived NO homeostasis. However, other substances contained in green tea may play roles in reducing the risk of death. Indeed, Benito et al. reported in the above-mentioned study (7) that a diet containing the flavonol quercetin increased NOS activity and subsequent NO production by blood vessels, as well as a catechin-rich diet. Moreover, supplementation of quercetin also suppressed the decrease in NO metabolites in plasma and urine, and NOS activity in vascular tissues of rats fed a high-fat, high-sucrose diet. Since a population-based cohort study in Japan (11) concluded that quercetin was mainly ingested from onions and green tea, the effects of flavonols in green tea should not be ignored. In addition to flavonols, few studies have E-mail: nonnon7@affrc.go.jp Anthocyanins (mg/100 mL) been performed on epigallocatechin (EGC), which is a main non-gallate-type catechin in green tea, despite its high bioavailability (12) . However, it would be too difficult to elucidate whether the functions of these subdominant ingredients are physiologically significant when we ingest green tea that has been brewed normally. We found previously that the presence of particular flavonoids in green tea depends on the cultivar (Camellia sinensis L.), and the contents of quercetin glycosides vary widely among different cultivars (13) . Furthermore, we showed that a quercetin-rich cultivar, "Sofu," was more effective for suppressing the production of oxidized low-density lipoprotein (Ox-LDL) in hypercholesterolemic mice, compared with "Yabukita" which is a main tea cultivar in Japan (14) . On the other hand, a set of anthocyanin-rich red leaf cultivars, as represented by "Sunrouge," had a characteristic catechin composition, in which non-gallate-type catechin levels were very low, compared with other Japanese cultivars, such as "Yabukita" and "Sofu" (Table 1 ). In the present study, we investigated the effect of long-term intake of "Yabukita," "Sofu," and "Sunrouge" infusion, on the NO production in spontaneously hypertensive rats (SHRs) fed a high-salt diet. We examined whether differences in the composition of these three cultivars led to different effects on the NO signaling of SHRs, to elucidate the physiological significance of subdominant ingredients, such as non-gallate-type catechin, and flavonols other than gallate-type catechins, which are the main bioactive substance in green tea infusion. Thus, the tea infusions were prepared to be identical in their gallate-type catechin contents (Table 1) . Comparative studies with tea cultivars whose constituent parts are clearly different have rarely been performed.
MATERIALS AND METHODS

Green tea samples.
Green tea leaves of all three cultivars, "Yabukita," "Sofu," and "Sunrouge," were obtained from Kagoshima Prefecture, Japan. The processed green tea leaves were boiled in water, and the resultant solutions were filtered and spray-dried or frozen. The stocks of green tea infusions were diluted with water and hydrochloric acid to adjust the gallate-type catechin levels (approximately 60 mg/100 mL) and the pH (approximately pH 4) just before being given to rats. Flavonol glycoside levels in the diluted tea samples were measured by liquid chromatograph mass spectrometer (LC/MS). In accordance with our previous study (13) , we determined the levels of two myricetin, five quercetin, and three kaempferol glycosides. With regard to anthocyanins, four delphinidin and four cyaniding glycosides were determined by high-performance liquid chromatography (HPLC), as described in our previous report (15) . In addition to these ingredients, catechin, caffeine and amino acid levels in the tea samples were also measured by HPLC, as described in previous reports (16, 17) . The contents of flavonol glycosides, catechins, anthocyanins, caffeine and amino acids in each green tea sample are shown in Table 1 .
Animals and diets. Male SHRs (SHR/Izm), purchased from Hoshino Lab Animals Co. (Ibaraki, Japan) were maintained in an environmentally controlled room (24˚C, 60% relative humidity, 12-h light/dark cycle). Normal-salt diet (0.3% NaCl) and high-salt diet (8% NaCl) were purchased from Research Diets, Inc. (New Brunswick, NJ). The compositions of the normal-salt and high-salt diets are shown in Table 2 . All rats were handled in accordance with Law no. 105 and Notification no. 6 of the Government of Japan, and the Ethical Committee on Animal Experiments of NARO Institute approved the study protocol in advance (No. H27-01). Four-week-old SHRs were given either the normalsalt (n56) or high-salt (n524) diets for 4 wk, in accordance with a previous study (18) . At the same time, saltloaded SHRs were given one of the following drinking fluids: water (High-salt-Water, n56), "Yabukita" (Highsalt-Yabukita, n56), "Sunrouge" (High-salt-Sunrouge, n56), or "Sofu" (High-salt-Sofu, n56). The normal-salt fed rats were given water (Reference group). All rats were permitted free access to diets and drinking fluids. Body weight and food intake were measured every week. Water intake was measured two or three times a week. At the end of the study, 8-wk-old rats were placed in individual metabolic cages, and 24-h urine samples were collected. The rats were fasted for 14 h, then anesthetized with isoflurane. A blood sample was collected into a tube from the infra-axillary artery of each anesthetized rat. The collected blood was immediately centrifuged (3,000 3g, 5 min, 4˚C) to separate the plasma samples. The thoracic aorta was then removed and immediately placed in saline on ice. The aorta was cleaned of adherent tissue and frozen in liquid nitrogen.
Analysis of blood and urine. At the end of the experiment, plasma and urine samples were obtained from the fasted SHRs. Plasma glucose, triglyceride, free fatty acid, total cholesterol, and high-density lipoprotein (HDL)-cholesterol were analyzed using glucose CII, triglyceride E, NEFA C, cholesterol E, HDL cholesterol E, and transaminase CII kits (Wako Pure Chemical Industries, Ltd., Osaka, Japan). Plasma non-HDL-cholesterol, including Normal-salt diet (0.3% NaCl). High-salt diet (8% NaCl).
chylomicron-cholesterol, very-low-density lipoproteincholesterol, and low-density lipoprotein (LDL)-cholesterol, was calculated from the total cholesterol and HDL-cholesterol levels. Urinary levels of 8-hydroxy-2′-deoxyguanosine (8-OHdG) were determined using an enzyme-linked immunosorbent assay (ELISA) kit, New 8-OHdG Check (Japan Institute for the Control of Aging Co., Ltd., Shizuoka, Japan). Plasma and urinary NOx (NO2 2 plus NO3
2 ) levels were measured using a commercial kit, NO2/NO3 Assay Kit-FX (Dojindo Laboratories Co., Ltd., Kumamoto, Japan), which is based on the Griess reaction. In the case of plasma, the samples were treated with Amicon Ultra-0.5 Centrifugal Filter Devices (Merck Millipore Corp., Billerica, MA) to remove hemoglobin and proteins before NOx measurement. The urine test results were expressed as total amounts excreted into urine in a day (mmol/d or ng/d).
Western blotting analysis. The amounts of eNOS and soluble guanylyl cyclase (sGC) protein in the aortas were measured by Western blotting analysis, as described in a previous study (18) . The thoracic aortas of the rats were sonicated in RIPA lysis buffer (Santa Cruz Biotech, Inc., Dallas, TX) containing 2 mm phenylmethylsulfonyl fluoride, 1 mm sodium orthovanadate, and 1% protease inhibitor cocktail (Santa Cruz Biotech, Inc.). Protein concentration was determined for each sample using a bicinchoninic acid (BCA) protein assay kit (Thermo Scientific Inc., Waltham, MA). An equivalent amount of total aortic protein (20 mg) was loaded on each lane and electrophoresed in a 7.5% SDS-polyacrylamide gel (Bio-Rad Lab., Inc., Hercules, CA) by electrophoresis, and then transferred to nitrocellulose membranes (BioRad Lab., Inc.). The membrane was blocked with blocking reagent (Santa Cruz Biotech, Inc.) for 1.5 h at room temperature. For the detection of eNOS, the membrane was then incubated overnight at 4˚C with mouse monoclonal anti-eNOS M221 antibody (1 : 500 dilution; Abcam plc., Cambridge, UK). For the detection of sGC, the membrane was incubated with rabbit polyclonal anti-guanylyl cyclase b1 antibody (1 : 2,000 dilution; Abcam plc.), as described previously (19) . Thereafter, they were washed and finally incubated with a horse anti-mouse IgG conjugated to horseradish peroxidase (HRP) (1 : 2,000 dilution; Cell Signaling Tech. Inc., Danvers, MA) or a goat anti-rabbit IgG conjugated to HRP (1 : 5,000 dilution; Abcam plc.), respectively, for 1 h at room temperature. Subsequent detection of the specific proteins was performed using an enhanced chemiluminescence substrate (Western Lightning ECL Pro; PerkinElmer Co., Ltd., Waltham, MA), and the signals were scanned with a chemiluminescence imager (MultiImager II; BioTools Inc., Gunma, Japan). The density of the bands was measured using ImageJ software (version 1.48; http://rsb.info.nih.gov/ij/). The protein signals of eNOS, which is expressed in vascular endothelium, were normalized to the respective signals of b-actin, while the signals of sGC, which is expressed mainly in vascular smooth muscle, were normalized to those of a-actin, a specific marker for smooth muscle cell, according to previous reports (18, 19) . For this purpose, the already probed membranes were incubated with Stripping Solution (Wako Pure Chemical Industries, Ltd.), and subjected to Western blotting analysis with rabbit polyclonal antibody against b-actin (1 : 1,000 dilution; Abcam plc.) or a-actin (1 : 1,000 dilution; Cell Signaling Tech. Inc.), respectively. The protein signals obtained were expressed as eNOS/b-actin and sGC/a-actin ratios.
Statistical analysis. All values are expressed as the mean6SE. Data were analyzed with the use of one-way factorial analysis of variance (ANOVA), followed by Dunnett's test to compare the tea infusion groups (High-saltYabukita, High-salt-Sunrouge, and High-salt-Sofu) with the High-salt-Water group. Comparisons among the tea infusion groups were performed using Scheffe's post hoc test following one-way ANOVA. The data from the Reference group of normal-salt fed rats were not statistically processed. When data were not normally distributed, the Kruskal-Wallis test was applied. Differences with a p value less than 0.05 were considered significant.
RESULTS
Body weight, food and water intake during the experimental period
After the experimental period, there were no significant differences in body weight or daily food intake among the high-salt groups ( Table 3 ). The reference data of daily water intake was closely similar to the previous data for SHRs (20) . Daily fluid intakes were markedly increased in the High-salt groups, and the tea infusion intakes in the High-salt-Yabukita, High-salt-Sunrouge, and High-salt-Sofu groups were rather reduced compared with water intake in the High-salt-Water group. Daily caffeine and catechin intakes were calculated based on the consumptions of the tea infusions. The intakes of gallate-type catechin (mainly EGCG) were identical in the High-salt-Yabukita, High-salt-Sunrouge, and High-salt-Sofu groups, whereas non-gallate-type (mainly EGC) intake in the High-salt-Sunrouge group was much lower than those in the other two groups. Caffeine intake was slightly but significantly lower in the High-salt-Sofu group compared with the High-saltYabukita and High-salt-Sunrouge groups.
Blood glucose and lipids levels
As shown in Table 4 , the fasting plasma glucose levels in the Reference groups of the rats fed control diet were much higher than that described in a previous report (21) . In this study, the SHRs were fed AIN76-based purified diet that contains relatively high concentrations of sucrose (Table 2 ) while the SHRs in the previous study (21) were fed non-purified diet. Since another report (22) showed a significant increase of fasting glucose levels in sucrose-rich chow fed SHRs, the high sucrose content of the diet used in this study is thought to have made the Reference data high. The fasting plasma glucose levels were not different among the groups (Table  4 ). The Reference data for fasting plasma levels of triglyceride, free fatty acid, and total cholesterol were not far from those described in the previous report (21) . Furthermore, there were no significant differences in triglyceride, free fatty acid, total cholesterol, HDL-cholesterol or non-HDL-cholesterol levels among the groups. Plasma and urine NOx levels (NO2   2   1NO3 2 ) were determined as indexes of NO production in the whole body. As shown in Fig. 1 , there were no significant differences in the plasma NOx level among the groups. In a previous report (23) , the serum NOx level significantly increased in the high-salt group compared with the control group, under fed conditions. In this study, the plasma NOx levels in the all groups under fasting condition (Fig.  1) were almost the same as that in the control group in the previous report (23) . On the other hand, the urine NOx level of the High-salt-Water group was lower than the Reference data, and was significantly increased by the consumption of "Yabukita," "Sunrouge," or "Sofu" infusion (Fig. 1) .
NOx and 8-OHdG levels
The urinary 8-hydroxy-2′-deoxyguanosine (8-OHdG) level was also determined as a marker of oxidative stress to DNA in the whole body. As shown in Fig. 2 , there were no significant differences in the urinary 8-OHdG among the groups. Figure 3 shows a typical pattern of detected bands and the relative protein levels of eNOS and sGC in thoracic aortas obtained by Western blotting analysis. The High-salt-Water group showed an increase in the protein level of eNOS compared with the Reference group fed control diet. On the other hand, sGC protein levels were reduced in the High-salt-Water group compared with the Reference group. In the High-salt-Yabukita and High-salt-Sofu groups, sGC protein levels were significantly higher than in the High-salt-Water group. There was no significant difference in sGC protein levels between the High-salt-Water and High-salt-Sunrouge groups. The levels of eNOS in the high-salt groups showed the same tendency as those of sGC, although there were no significant differences.
Protein levels of eNOS and sGC in thoracic aortas
DISCUSSION
In the present study, the green tea infusions from three cultivars had distinctive effects on the aortic sGC expression, which is associated with NO signaling, in high-salt-diet fed SHRs. The increases in plasma lipids and glucose are also risk factors for vascular dysfunction (3, 4) . Green tea catechins have been found to affect lipid and cholesterol metabolism by various mechanisms and prevent the appearance of atherosclerosis in various animal models (24, 25) , although we could not find these kinds of changes in plasma lipid profiles in the SHRs in this study. SHRs are known to be susceptible to high dietary salt (18, 26) , and NO release from the endothelium has been shown to impair salt-induced hypertension (23) . NO is known to be oxidized to form NOx (NO2 and NO3) in vivo. Thus, NOx concentrations reflect NO production/release in the whole-body endothelium. In this study, although the plasma NOx level did not change in response to high salt intake, urinary NOx levels decreased in the Highsalt-Water group (Fig. 1) . Changes in plasma and urinary NOx levels often occur in parallel. For instance, plasma NOx levels in lean rats were shown to increase after 2 h of leptin injection along with increased urinary NOx excretion (27) . However, in the rats receiving N--nitro-l-arginine, a NOS inhibitor, for 6 wk, the urinary NOx excretion decreased significantly without any changes in plasma NOx level (28) . Thus, continuous treatments may bring about drastic changes in urinary NOx levels rather than in plasma levels while acute treatments may affect both. Similarly, we could detect the decrease of NOx levels only in urine in the present study. The decreased urinary NOx level in the High-saltWater group was significantly prevented by intake of "Yabukita," "Sunrouge," or "Sofu" infusions ( Fig. 1) .
On the other hand, induction of oxidative changes by high dietary salt intake are thought to lead to endothelial dysfunction. In SHRs, an exaggerated production of NADH/NADPH-driven superoxide anions has been observed (29, 30) , and the endothelial dysfunction in SHRs was suppressed by vitamin C and NADH/NADPH oxidase inhibitors (30) . In addition, vitamin E and sesamin, a lignan from sesame oil, were shown to prevent hypertension and stroke in stroke-prone SHRs, through the potent anti-oxidative effects that were indicated by the reduced urinary 8-OHdG (31) . We also examined the urinary excretion of 8-OHdG, a marker of systemic oxidative damage to DNA. However, the Reference data obtained from the rats fed normal-salt diet was closely similar to that for normotensive Wistar Kyoto/Izm rats rather than that for stroke-prone SHRs (32) , and there were no significant differences in the urinary 8-OHdG among the groups (Fig. 2) . Therefore, we could not confirm the involvement of oxidative stress in the SHRs in this study.
Auger et al. (8) reported that gallate-type catechins such as EGCG and epicatechin gallate activated eNOS through the PI3 kinase/Akt pathway, and this activation was dependent on the gallate moiety. EGCG enhanced eNOS activities but did not upregulate eNOS expression (10) . The amounts of gallate-type catechins were almost the same among the infusions from the three cultivars in this study. Therefore, there is a possibility that the reversal effects on the decreased urinary NOx level from the long-term intake of tea infusions were caused by the enhancement of eNOS activity induced by gallatetype catechins, although the activities of eNOS were not determined in this study.
It has been reported that high dietary salt reduced the protein level of sGC in the thoracic aorta, and that of eNOS was increased in SHRs (18, 33) . We examined the levels of eNOS and sGC protein in the thoracic aorta. As Kagota et al. (18) reported, the expression of eNOS protein showed a tendency to increase in SHRs fed a highsalt diet, and that of sGC was significantly decreased except for in the groups that received green tea infusion (Fig. 3) . Kagota et al. (18) explained the enhancement of eNOS expression due to high salt intake may be a compensatory increase from the reduction in sGC expression. In this study, the enhancement of eNOS expression in the High-salt-Water group could be explained as a compensatory increase for the reduction in sGC expression, but those in the High-salt-Yabukita, High-salt-Sunrouge, and High-salt-Sofu groups cannot be explained. The decreased sGC expression due to high salt intake was prevented by the long-term intake of green tea infusions. However, the differences in the sGC expression reached the level of statistical significance only in the High-salt-Yabukita, and High-saltSofu groups, but not in the High-salt-Sunrouge group, compared to the High-salt-Water group. Moreover, the expression levels of eNOS in the High-salt-Yabukita or High-salt-Sofu groups were above those of the Highsalt-Water and High-salt-Sunrouge groups. Thus, there is a possibility that the long-term intake of "Yabukita" or "Sofu" infusions increased sGC expression in the thoracic aorta with a slight increase in eNOS expression. When comparing the daily intake of catechins in Table  4 , one can see that the "Yabukita," "Sofu," and "Sunrouge" groups received the same amount of gallate-type catechin. However, the daily intake of non-gallate-type catechin in the "Sunrouge" group was clearly lower. There is a possibility that the increase of sGC expression due to green tea intake was related to the daily intake of non-gallate-type catechins. It was reported that anthocyanin increased the expression of eNOS protein (34) . However, in this study, the anthocyanin in "Sunrouge" was unlikely to be related to the increase in eNOS expression. In addition to these flavonoids, some amino acids were demonstrated to affect NO production. Theanine, a unique amino-acid found in tea, promotes phosphorylation and activation of eNOS and NO production in endothelial cells (35) . In the present study, there were no considerable differences in theanine contents among the three cultivars (Table 2 ). Arginine supplementation is also shown to modify NO system in the renal outer medulla of streptozotocin-diabetic rats (36) because arginine is the main source for the generation of NO via NOS (37) . However, it is unlikely that the tea infusions prepared for this study contain enough arginine to improve NO production of the SHRs (Table 2) . Although undetected substances, such as polysaccharides (38) , may be involved, in the expression of eNOS and sGC in the thoracic aorta, further study should start with the investigation of the relationship between non-gallatetype catechins, especially EGC and the expression of sGC in the aorta.
CONCLUSION
In this study, the decreased urinary NOx level in the SHRs caused by the high-salt diet was significantly prevented by the intake of "Yabukita," "Sunrouge," or "Sofu" infusions. Moreover, the long-term intake of the "Yabukita" or "Sofu" infusions could increase the expression of sGC protein in the thoracic aorta, which may be related to non-gallate-type catechin levels, especially EGC. In the present study, differences in the composition of these three cultivars led to partially different effects on the aortic protein expressions in SHRs, suggesting that the physiological significance of subdominant ingredients besides gallate-type catechins, which are the main bioactive substances in green tea infusion.
